A CMOS Hall-effect sensor chip designed for the characterization and detection of magnetic nanoparticles (MNPs) achieves over three orders of magnitude better temporal resolution than prior solutions based on superconducting quantum interference devices and fluxgate sensors. The sensor relies on wires embedded in the chip to generate a local magnetizing field that is switched OFF rapidly to observe the relaxation field of the MNPs. The CMOS sensor chip, with integrated high-speed readout electronics, occupies 6.25 mm 2 .
I. INTRODUCTION
M AGNETIC nanoparticles (MNPs) have been widely used in biomedical and bioanalytical applications, for instance, as labels for target analytes in magnetic immunoassays [1] - [3] . Recently, magnetorelaxometry (MRX) based on magnetic relaxation of MNPs was developed as a label detection method [4] - [6] . Compared to some other label detection methods based on detecting a small signal change superposed on a much stronger magnetizing field [7] , [8] , the MRX technique avoids the high dynamic range requirement. This greatly reduces the needs for bias stability and associated practical challenges, such as calibration and temperature stability.
In MRX measurements, the magnetic dipole moments of the superparamagnetic nanoparticles are first aligned by a pulsed magnetizing field and then the magnetizing field is abruptly switched OFF, leaving only the dipole moments rotating via the Néel relaxation mechanism, with time constant (1) where is approximately , is the temperature, is the Boltzmann constant, and is the anisotropy energy barrier which depends on the MNP's anisotropy constant and volume .
Unfortunately, magnetic relaxation time of MNPs is poorly characterized and it cannot be measured with conventional tools such as photon correlation spectroscopy or transmission electron microscopy. In addition, the magnetic relaxation properties of MNPs vary greatly between different manufacturers and even between different batches, so manufacturers and users need a solution for fast, simple, and comprehensive characterization of MNPs.
Previous MRX measurements using superconducting quantum interference devices (SQUID) and fluxgate sensors [9] , [10] suffer from a long delay ("dead zone") of several hundred microseconds between switching off the magnetizing field and detecting the MNP field. This delay is set by the magnets and readout electronics and limits those instruments to the characterization of MNPs with long relaxation times.
In this paper, we report the first CMOS MRX system which integrates miniaturized Hall-effect sensors, electromagnets, and high-speed electronics on a 2.5 mm 2.5 mm chip that achieves a "dead zone" of less than 100 ns. Characterization data on three commercially available MNP samples are presented.
II. MATERIALS AND METHODS

A. CMOS Sensor Chip
Our Hall-effect sensors are implemented as four 8 . To increase the signal strength, after standard CMOS fabrication steps, the chip is post processed to remove the top interlayer dielectrics so the MNPs are closer to the sensor surface [11] . The dimensions after postprocessing are shown in Fig. 1(b) .
B. Magnetizing Field Modulation
For MRX measurements, is modulated as shown in Fig. 2 . In phase 1, a B-field of 3 mT is ON for a duration and then switched OFF for . The B-field induced in the MNP is measured during relaxation to eliminate the large "baseline" B-field . The time denotes the "dead zone" where cannot be reliably measured due to the limited bandwidth of the electromagnet and the readout electronics. In SQUID or fluxgate MRX systems, this "dead zone" is more than 300 , whereas the "dead zone" of our MRX sensor is only 64 ns achieved by the integration of electromagnet and readout channel. As a result, our MRX system can be used for the characterization and detection of a wide selection of MNPs.
To accurately measure the MNP relaxation signal, the stray magnetic fields from the electronic equipment and Earth, 1/f noise, and sensor offset should be rejected. This is achieved by adding phase 2 in the magnetic modulation where is 0018-9464/$26.00 © 2011 IEEE changed to the opposite direction, and then taking the difference of phases 1 and 2 (correlated-double-sampling technique or CDS). The thermal noise is suppressed by data averaging.
C. MRX System Setup
The test setup is shown in Fig. 3 . The sensor outputs are multiplexed, amplified on-chip, and then sampled with a National Instrument Data Acquisition device (NI-5105, 14-bit 64MS/s ADC). The data are further processed in MATLAB.
D. MNP Samples
Three MNP samples were used in the experiment. The first two samples are 20 and 25 nm diameter magnetite nanocrystals with oleic acid coating (catalog number SOR-20-50 and SOR-25-50, Ocean NanoTech, Springdale, AR). The third sample contains 1 magnetic beads suspended in double-distilled water at a concentration of 50 mg[solids]/ml with 22.5 mg[Fe]/ml (SiMAG/K-Silanol, Chemicell GmbH, Berlin, Germany). Each bead consists of multiple magnetite nanoparticle cores embedded in a silica matrix.
III. RESULTS AND DISCUSSION
Since the total sensor area is only , samples of submicroliter volume contain enough MNPs to cover the sensor surfaces. In our experiments, a sample of each MNP is diluted and air dried on one sensor chip. The sensor chips are calibrated before the MNPs are immobilized on the sensor surface. To increase the signal-to-noise ratio, each measurement is averaged for 8 s. Data are then averaged over multiple sensors to reduce measurement variation.
The relaxation curves after CDS are shown in Fig. 4 . As can be seen, for , there is no visible relaxation from the SOR-20-50 sample whereas for the SOR-25-50 and SiMAG, relaxation is observed and can be clearly distinguished [see Fig. 4(a) ]. There are two possible causes that no relaxation is detected on the SOR-20-50 MNPs. First, the MNPs could have fairly large anisotropy energy so there is not enough time to magnetize them during ; second, the MNPs could have such a small anisotropy energy that they relax very fast and cannot be detected. The first cause is unlikely because no relaxation is observed for the SOR-20-50 MNPs even when the magnetization time is increased to 4, 16, and 64 [see Fig. 4(b)-(d) ]. This implies that the Néel relaxation time of SOR-20-50 is far less than the 64 ns "dead zone." It follows from (1) that their anisotropy energy . At room temperature, this corresponds to an anisotropy constant less than the values reported by other groups [10] , [12] . This difference might be explained by the fact that 1) an MNP's anisotropy constant is not only dependent on its magneto-crystalline structure but is also affected by other factors such as its shape and surface; 2) the Néel relaxation time constant described in (1) is simplified and only holds for uniaxial symmetry; and 3) interactions between MNPs are not fully ruled out even though the MNPs are coated with an oleic acid layer and diluted.
Both the SOR-25-50 MNPs and SiMAG beads show relaxation. However, their relaxation curves differ, which indicates that their internal magnetic properties such as anisotropy energy and volume distribution are different. This can be analyzed with the moment superposition model [13] , given by (2) where is the MNP signal during relaxation, is the MNP signal after long magnetization duration, is the Langevin function, is the reduced volume defined as , where , is the MNP volume distribution function, and is the relaxation time in a magnetic field . In our case so we get . Compared with the original expression in [13] , a function was added to account for the MNP magnetic moment offset at the beginning of the modulation cycle as shown in Fig. 2 . It can be derived that in steady state and when (3) We also assume that the MNP volume distribution in each sample follows a log-normal function (4) where is the geometric mean of the reduced volume and is the geometric standard variation. We can investigate the MNPs' anisotropy energy and volume distribution by "scanning" them with different magnetization duration. By fitting the relaxation curves in Fig. 4 with (2)- (4), we obtain , for SOR-25-50 MNPs and , , for SiMAG beads, which corresponds to a diameter variation of 15% and 125%, respectively. This shows that the SOR-25-50 MNPs have a bigger portion of MNPs with anisotropy energy larger than 1 kT and narrower distribution of MNP size. The anisotropy constant can be estimated based on the size of the MNPs. For the 25 nm MNPs (SOR-25-50), we find .
IV. CONCLUSION
We present a CMOS Hall-effect sensor chip developed for the characterization and detection of magnetic labels in biomedical applications based on MRX. Compared to prior instruments exploiting MRX, the proposed solution might have the potential of measuring very fast magnetic relaxation with time constant as small as 64 ns. This could allow a wide selection of magnetic beads or nanoparticles to be used as labels in magnetic immunoassays.
Three commercially available MNP samples were measured with the CMOS Hall-effect MRX system. The samples show different relaxation. This implies that these samples have different intrinsic magnetic properties. The MNPs' anisotropy energy and volume distribution can be determined by "scanning" them with various magnetization durations.
The chip is easy to integrate with microfluidics and the compact size and low cost give it great potential for lab-on-a-chip and point-of-care applications.
